The previous theory on the thermal boundary resistance between small particles and liquid He II (Phys. Rev. B 24, 6421 (1981}]is extended to the case for normal liquid 3He in terms of Landau Fermi-liquid theory. It is shown that the toroidal-mode phonons in small particles contribute to the heat flow through the excitation of transverse zero sound in contrast to the case of liquid He II. The calculated resistances exhibit a T behavior above some temperature which depends on the size and elastic property of the small particle. In this temperature regime, the calculated results for silver and copper particles agree well with the observed resistances in both magnitude and temperature dependence. At lower temperatures the theory predicts exponentially increasing resistances with decreasing temperature as in the case for liquid He II.
L INTRODUCTION
The heat transfer between liquid He II and a solid produces a temperature discontinuity at the interface of the two media. This phenomenon, which is referred to as thermal boundary resistance, was first discovered for liquid He II by Kapitza. ' A similar temperature discontinuity also appears at the boundary of normal liquid He and a solid, and it is identified that the thermal resistance is not peculiar to superfluid 4He. In experiments on the heat exchange below about 100 mK, solids have been often used in the form of small particles with p, size in order to make the surface-to-volume ratio large, It has been expected3 that the finite size of the small particles may play some important roles for the heat flow.
In a previous paper, 5 hereafter referred to as I, we have developed a theory of thermal boundary resistance between small particles and liquid He II. The paper I was an extension of the Khalatnikov' s acoustic mismatch theory6 by allotting the finite size of solids, in which the heat transfer was assumed to be due to phonon conduction and the energy is carried away in the form of sound waves in liquid He II.
The theory developed in I may be applicable to not only the case for liquid He II but also that for normal liquid He in the hydrodynamic regime. In such a temperature regime, only the first sound plays as a collective mode. Below about 0.1 K,~here the I.andau theory is known to be applicable to liquid 'He, zero sounds propagate as the collective modes in normal liquid ' He and the heat may be carried by longitudinal and transverse zero sound and singlequasiparticle excitations.
The purpose of the present paper is to develop a theory of thermal boundary resistance between small particles and normal liquid 3He below about 0, 1 K in terms of Landau Fermi-liquid theory. This paper is organized as follows; in Sec. II, Landau Fermi-liquid theory is briefly reviewed in terms of spherical coordinates which make it easy to treat the energy emission from a spherical small particle. In Sec. III, the general expression for the heat conductance from a small particle into liquid He is given. The eigenmodes of~aves in a spherical particle are described in detail. In addition, these~aves are quantized in this section. In Sec. I tt ', (2.6) x (cosQ~vt p+sinQ~v&p) (2.14) -sv-+ p(v-+F)vp+F[ vi~p) =0 (2.7) where R is the radius of the particle and r denotes the position vector from the origin. f(ll, g) is the dimensionless function dependent on the polar (e) and azimuthal (P) 
The first term of the right-hand side of Eq. (3.2) vanishes because of the parity of the integrand. Performing the integral of the second term, we have the expression for Q in terms of moments l Q and l l In I, we adopted the boundary condition that the normal component of fluid velocity near the surface is equal to that of the displacement velocity at surface. Because of the presence of viscosity in normal liquid He, the appropriate boundary condition may be the nonslip condition; all components of fluid velocity near the surface equal those of the surface velocity of spherical particle. Thus, we put the condition that the fluid near the moving surface oscillates in phase with the surface motion of spherical particle.
The condition is expressed as where B,u -= [u",uQ, u&] is the time derivative of the surface displacement of a spherical particle. v is the fluid velocity near the surface. n is the number density of liquid 'He which is taken to be the global averaged value. Using Eqs. (2.11), (3.10), and (3.12), the energy flux 1is expressed as E =atpLcf "I u, d&/4rr+alplc, "I (uQ +uQ) dO/4m (3.14) 2',+t (rf) (3.28) Table I of the Appendix up to / =10. It should be I noted that the lowest eigenvalue for the toroidal mode (««,~= 1. 14 X 10'«sec ') is slightly larger than that of the spheroidal mode (cu«=1.11 & 10'«sec ') for a copper particle 1 p.m in diameter. It will be seen from TaMe I that the number of states per unit interval of q increases with approaching the larger part of eigenvalues. The reason of this tendency is identical with that for the spheroidal mode, i.e. , the wavelengths at large eigenvalues are short compared with the size of a particle. Then the number of states in the region of large eigenvalues becomes denser.
A number of experiments" 2' The thermal resistances only due to longitudinal zero sound for copper particles are also given in Fig.  2 . The contribution to the thermal conductance due to transverse zero sound is not negligible as shown in Fig. 2 . We plot in Fig. 3 the relative contributions to the heat conductance due to longitudinal and transverse zero sound. The ordinate in Fig. 3 is taken to be h» (transverse or longitudinal zero sound}/h»(total). As is seen from Fig. 3 , the longi- The ordinate is defined as the ratio h&(S L, S T, or T, T)/h&(total). The abscissa is the temperature.
transverse zero sound becomes comparable to that fro~spheroidal mode to longitudinal zero sound at around 3 mK. This originates from the difference in the lowest eigenvalues between spheroidal and toroidal mode.
V. SUMMARY AND DISCUSSIONS
We have studied the thermal boundary resistance Rg between small particles and liquid 3He in terms of Landau Fermi-liquid theory. The expression of the thermal resistance, Eq. (4.4), has been derived by illustrating a spherical particle with an arbitrary size. It has been shown that both the spheroidal and toroidal mode in a particle contribute to the heat transfer through the excitation of longitudinal and transverse zero sound in contrast to the case of liquid He II. 
